Purpose. Nasal colonization with methicillin-resistant Staphylococcus aureus (MRSA) is poorly described for surgeons, despite the increased exposure to nosocomial pathogens and at-risk patients. This study investigated the molecular epidemiology and antimicrobial resistance of 26 MRSA isolates cultured from the nares of an international cross-sectional study of 1166 human and 60 veterinary surgeons.
INTRODUCTION
Staphylococcus aureus colonizes between 26 and 35 % of healthy humans, with the moist squamous epithelium of the anterior nares considered the primary reservoir [1] [2] [3] [4] . Due to its importance as a pathogen responsible for a wide range of difficult-to-treat infections, colonization with methicillinresistant S. aureus (MRSA) has been investigated extensively in patients, but to a lesser extent in their primary caregivers, including healthcare workers such as orthopaedic surgeons. Studies have consistently shown that average MRSA colonization rates are between 1 and 3 % in the general population [5, 6] , with increased rates shown for certain groups such as the elderly in assisted-living facilities [6] or long-term in-patients [2] , and those with immunity defects such as human immunodeficiency virus, chronic granulomatous disease, Job's syndrome, Ch ediak-Higashi syndrome and Wiskott-Aldrich syndrome [7, 8] .
investigated [9] . From a total cohort of 1166 human surgeons, the MRSA colonization rate was 2 % (23/1166), while it was 5 % (3/60) among the veterinary surgeons [9] . What remains undocumented within this study is the molecular epidemiology of these MRSA isolates. Previous studies have identified that distinct clonal lineages belonging to different sequence types (STs) or clonal complexes (CCs) have emerged and spread across the world [10] [11] [12] . For example, USA300 isolates (ST8) have been documented across the USA and beyond [11] . Interestingly, livestock-associated (LA)-MRSA such as ST398 has been found on humans living and working on farms [13] [14] [15] . It has also been shown that veterinary surgeons are at increased risk of carrying the same epidemic MRSA isolates as animals [13] [14] [15] . This clearly demonstrates the possibility of transmission between animals and humans and vice versa.
We hypothesized that the MRSA nasal isolates collected from a cross-sectional study from human and veterinary surgeons would belong to well-known MRSA lineages. Therefore, the aim of this study was to phenotypically and genotypically characterize the 23 MRSA nasal isolates from human surgeons as well as 3 MRSA isolates from veterinary surgeons, and determine the clonal relationship of these nasal isolates to known globally disseminated MRSA lineages.
METHODS
MRSA collection MRSA isolates were obtained from a previously described study [9] . Twenty-three MRSA isolates were recovered from the nares of 1166 human orthopaedic surgeons sampled on an anonymous basis during an educational course in Switzerland in 2013. Furthermore, 3 additional MRSA isolates were collected from 60 veterinary orthopaedic surgeons which were not described in the previously study [9] but were included in the present study. The study was approved by the 'Ethik-Kommission der Bayerischen Landes€ arztekammer', Germany (approval number 13090). In addition to a nasal swab, all participants gave information on basic demographic and professional questions such as location of place of work and birth (country and region). Bacterial isolation and identification were performed as described previously [9] . After identification, a single colony was taken and resuspended in 1 ml tryptic soy broth (TSB; Sigma-Aldrich) containing 20 % (v/v) glycerol and stored at À80 C. Isolates were regrown either on tryptone soy agar (Sigma-Aldrich) plates or in TSB media for phenotypic characterization or for genomic DNA isolation. The 23 MRSA human orthopaedic surgeon isolates and their antimicrobial resistances were partially described by Morgenstern et al. [9] . A more detailed profile of each individual isolate was analysed in this study.
Phenotypic characterization
Antibiotic susceptibility testing Antibiotic susceptibility to 28 antibiotics (amikacin, ampicillin-sulbactam, cefotaxime, cefoxitin, cefuroxime, ciprofloxacin, clindamycin, daptomycin, erythromycin, fosfomycin, fusidic acid, gentamicin, levofloxacin, linezolid, mezlocillin, moxifloxacin, netilmicin, ofloxacin, oxacillin, penicillin, piperacillin, rifampicin, tetracycline, ticarcillin/ clavulanate, tigecycline, tobramycin, trimethoprim-sulfamethoxazole and vancomycin) was determined using a Vitek2 machine (bioM erieux Vitek). Multiple antibiotic resistance was defined according to the definitions of the European Committee of Antimicrobial Susceptibility Testing (EUCAST). Oxacillin resistance was considered definitive for methicillin-resistant status.
Cefoxitin disc diffusion test
To confirm isolates as methicillin resistant, a cefoxitin disc diffusion test was performed at Synlab Suisse using a 30 µg disc. Zone sizes were measured and interpreted according to EUCAST interpretative criteria (www.eucast.org/clinical_ breakpoints).
Mupirocin disc diffusion test
Resistance to mupirocin was tested on all isolates at Synlab Suisse by disc diffusion test using a 200 µg disc. Zone sizes were measured and interpreted according to EUCAST interpretative criteria (www.eucast.org/clinical_ breakpoints).
Staphyloxanthin production, haemolytic activity and biofilm production Staphyloxanthin production was tested as described previously [16] by two independent observers. S. aureus Newman and USA300, and S. aureus COL and UAMS-1, were included as positive controls for strong and weak staphyloxanthin production, respectively [16] .
The haemolytic activity of each MRSA isolate was assessed as described previously [16] . S. aureus reference isolates USA300 and UAMS-1 were used as controls for strong and absent haemolysis activity, respectively [16] .
Biofilm formation was assayed as described previously [17, 18] . Briefly, overnight cultures grown in TSB (Sigma-Aldrich) were suspended in fresh TSB containing 1 % glucose, to approximately 1Â10 6 c.f.u. ml
À1
, correlating to an optical density of 0.02±0.005 at 600 nm as measured with a Multiskan Go microplate reader (Thermo Scientific). A total of 200 µl of the bacterial suspension was incubated in flat-bottomed 96-well tissue-culture-treated polystyrene microtitre plates (Nuclon, Nunc A/S) for 24 h at 37 C. Plates were rinsed with PBS (Sigma-Aldrich) and stained with 150 µl of Gram's crystal violet solution (Sigma-Aldrich). The dye bound to the attached cells was solubilized by the addition of 150 µl of 95 % ethanol. Optical density was measured as absorbance at 595 nm using the Multiskan Go microplate reader. All isolates were tested in triplicate in three independent experiments. Each microtitre plate also consisted of negative controls (wells without bacterial inoculation). The results were evaluated using the scale described by Stepanović et al. [17] . Staphylococcus epidermidis reference strain RP12 (ATCC 35983) was used as a control for strong biofilm production.
Genotypic characterization
DNA extraction Whole-cell (genomic) DNA, used as template for PCR amplification, was prepared from single colonies using the Wizard 143 genomic DNA purification kit (Promega) according to the manufacturer's protocol.
PCR amplification
The specific primers, corresponding genes and PCR conditions were previously described by Post et al. [18] and are summarized in Table 1 . PCR amplification was carried out in a Bio-Rad MyCycler Thermocycler in a total volume of 12.5 µl containing 10Â Green GoTaq 151 reaction buffer (Promega), 5 mM dNTP mix (Promega), 50 pmol of each primer, 1 U of Taq DNA polymerase recombinant (Invitrogen) and 10-50 ng template DNA.
agr typing agr (accessory gene regulator) polymorphisms were detected by PCR as described by Post et al. [18] and von Eiff et al. [19] with primers listed in Table 1 .
Microbial surface components recognizing adhesive matrix molecules detection Genes coding for MSCRAMMs (microbial surface components recognizing adhesive matrix molecules) were screened for by PCR with primers previously described [18] and those listed in Table 1 .
Staphylococcal enterotoxins and other toxins
Genes coding for staphylococcal enterotoxins, Panton-Valentine leukocidin (PVL) and toxic shock syndrome toxin (TSST) were detected by PCR using primers previously described [18] and those listed in Table 1 .
Methicillin resistance gene
The methicillin-resistance gene mecA was detected using primers previously described [18] and those listed in Table 1 .
spa typing
The polymorphic repeat region (region x) of the S. aureus protein A encoded by the spa gene was amplified as described previously [20] . The spa type for each isolate was determined as described by Harmsen and colleagues [21] using the online tool Ridom SpaServer (http://spaserver. ridom.de/) with primers listed in Table 1 .
Multilocus sequence typing
Multilocus sequence typing (MLST) was performed with published primers following the instructions on http://saureus.mlst.net/.
DNA sequencing and sequence analysis PCR products were purified for sequencing using the PureLink Quick Gel Extraction and PCR Purification Combo kit (Invitrogen) following the manufacturer's protocol. Automated sequencing was performed at Microsynth on an Applied Biosystems ABI3730xl Sequence Analyser 5.2 using the ABI Big Dye 182 system (version 3.1).
Whole-genome sequencing of MRSA-3 Genomic DNA of MRSA-3 isolate was extracted using a Qiagen QiAmp DNA Mini kit following the manufacturer's protocol using 1 µg ml À1 lysostaphin (Sigma-Aldrich) and 2 µg ml À1 lysozyme (Sigma-Aldrich) to lyse the bacteria. Sequencing was performed using an Illumina MiSeq benchtop sequencer, and the 100 bp short read paired-end data were assembled using the de novo assembly algorithm within Velvet software (version 1.2.08) [22] . The resulting data were archived in the Staphylococcal Bacterial Isolate Genome Sequence database [23] . The S. aureus MRSA252 reference genome (GenBank accession number BX571856.1) [24] was used as a basis for defining locus designations and reference sequences. A ribosomal MLST (rMLST) approach was used to investigate the genetic relationship between MRSA-3 and 181 published S. aureus isolates from the National Center for Biotechnology Information (NCBI). Orthologues for the 53 genes encoding the bacterial ribosome protein subunits (rps genes) were defined in all isolates by comparison to the finished genome of MRSA252. To estimate the genealogies for these alignments, ClonalFrame, a model-based approach to determining microevolution in bacteria, was used [25] . The consensus tree represents the combined data from three independent runs, with 75 % consensus required for inference of relatedness. Recombination events were defined as sequences with a length of >50 bp with a probability of recombination !75 % over the length, reaching 95 % in at least one site.
The presence of genes associated with the staphylococcal cassette chromosome (SCC) mec complex (mecA, mecR, ccrA and ccrB), the S. aureus chromosomal orfX gene located to the right of the SCCmec integration site, the arginine catabolic mobile element (ACME) locus (speG, aliD and arcA) and the rifampicin resistance gene (rpoB) were investigated for MRSA-3 by BLAST (basic local alignment search tool) comparison to reference genome MRSA252 [23, 26, 27] . These genes were considered as being present when a BLAST match with a >70 % nucleotide sequence identity on !50 % of sequence length was recorded. Where present, the genes were mapped onto the rMLST tree to examine the significance of association between the clustering on the tree and the presence of a specific gene.
Statistical analysis
The prevalence of MRSA and the corresponding 95 % confidence interval (95 % CI) were calculated using SAS software (version 9.2).
RESULTS

Phenotypic characterization
Antibiotic resistance profile The 26 MRSA isolates were collected from carriers coming from different regions of Africa (2/59), Asia (14/252), Central America (1/22), Europe (6/673) and South America (3/115) ( Table 2 ). The MRSA rate was 2 % (23/1166; 95 % CI, 1.3-2.9) for human surgeons and 5 % (3/60; 95 % CI, 1.0-13.9) for veterinary surgeons. All MRSA isolates had cefoxitin zone Haemolytic activity, staphyloxanthin production and biofilm production Forty-two per cent of isolates displayed the yellow-orange or yellow colony pigmentation indicative of staphyloxanthin production (Table 3) , and 69 % of isolates were haemolytic (Table 3) . One isolate was a strong biofilm producer, and 21 isolates did not produce a biofilm under the described experimental conditions. The remaining four isolates produced an intermediate biofilm.
Genotypic characterization
agr typing Fifty-four per cent of isolates belonged to agr type I, followed by 27 % agr type II and 12 % agr III (Table 3) . Two isolates did not belong to any of the four agr types.
MSCRAMM detection
The virulence genes hlgC/B (gamma-haemolysin), icaA (intercellular adhesion), eno (laminin binding protein), clfA/ clfB (fibrinogen binding protein) and sdrC (beta-neurexin binding protein) were present in all isolates ( 
Staphylococcal enterotoxins and other toxins
Two isolates carried the PVL lukFS-PV gene, and four isolates possessed the tst (TSST) gene, with all six isolates originating from Asia (Table 3) . Half of the isolates carried one of the five genes coding for staphylococcal enterotoxins A, B, C, D and E. The eta (exfoliative toxin) gene was present in three isolates (Table 3) .
Correlation of biofilm, antimicrobial resistance and virulence genes
Only one of the biofilm producers was found to be resistant to most antibiotics ( Table 2 ). All five isolates producing a biofilm also showed haemolytic activity, whereas only one produced staphyloxanthin (Table 3 ). The two isolates carrying the PVL lukFS-PV gene both produced intermediate biofilm.
The sdrD gene was present in all, and the cna gene in four, of five isolates producing a biofilm (Table 3) .
spa typing In total, 22 different spa types and 1 novel sequence repeat (sequence repeat: 11-19-12-21-10-34-24-24-34-22-25; Kreiswirth ID: YHGFC2BQQBLO) were identified (Table 3) . Only three isolates belonged to the same spa-type t688, one each from a European, an African and an Asian carrier (Table 3) . Two isolates belonged to t437 and were collected from Asia.
Multilocus STs
MLST STs were determined for all 26 isolates. Sixteen different ST types were identified (Table 3) , with the main types being ST5 (n=4), ST8 (n=3) and ST59 (n=3). All isolates within ST5 belonged to agr type II, while all ST8 and ST59 isolates were agr type I (Table 3) .
Whole-genome sequence analysis of isolate MRSA-3 MRSA-3 was isolated from a veterinary surgeon from South America and was submitted for whole-genome sequencing as it had a wide range of antibiotic resistance and was the only isolate to be rifampicin resistant (Table 2) . spa typing and MLST revealed that it belonged to the ST8-t064 clonal trimethoprim-sulfamethoxazole. ‡Intermediate biofilm production. §MRSA isolated from veterinary surgeons. ||Strong biofilm production. ¶MRSA-3 isolate submitted for whole-genome sequencing. lineage. The ClonalFrame phylogenetic tree based on 53 S. aureus rMLST genes in Fig. 1 , shows the evolutionary relationship between MRSA-3 and 181 published S. aureus genomes. MRSA-3 was in the same cluster as other ST8 isolates. Further, the ACME locus genes speG, aliD and arcA and the SCCmec complex genes mecA, mecR, ccrA, ccrB and orfX were all present in MRSA-3. The phylogenetic relationship of MRSA-3 to the other MRSA genomes is shown for the mecA gene on the neighbour-joining tree ( Fig. 2a ; MRSA-3 indicated by a black arrow and a dark red filled square).
The MRSA-3 isolate was resistant to rifampicin (MIC!32 mg l
À1
). Sequence NCBI BLAST analysis against the reference sequence of rifampicin-susceptible S. aureus strain ATCC 25923 (GenBank accession number CP009361) (MIC, 0.5 mg l À1 ) revealed 20 nucleotide (nt) changes in the 3552 bp rpoB sequence. However, only 3 nt changes at positions 1411 (GGAfiAAC), 1430 (GCTfiGAT) and 2210 (TTTfiTAT) resulted in amino acid (aa) changes, 471 (DfiN; AspfiAsn), 477 (AfiD; AlafiAsp) and 737 (FfiY; PhefiTyr), respectively (Fig. 3) . The changes in MRSA-3 were not observed in the other published S. aureus ST8 genomes (Fig. 2b) .
DISCUSSION
In this study, 26 nasal MRSA isolates obtained from human and veterinary surgeons were phenotypically and genotypically characterized. These 26 MRSA isolates were collected from a large international cohort of 1166 human and 60 veterinary surgeons from Africa, Asia, Central America, Europe and South America. As previously described, the MRSA colonization rate among the human surgeons was 2 % (23/1, 166; 95 % CI, 1.3-2.9), indicating a colonization rate equivalent to that a general population and healthcare workers [5, 6, 9, [28] [29] [30] . The MRSA rate for the veterinary surgeons was 5 % (3/60; 95 % CI, 1.0-13.9), which also lies within the colonization rate reported for veterinary personnel [31] .
The most prevalent STs in this study were ST5 and ST8. The four ST5 isolates were collected (one each) from a European, an African, an Asian and a Central American surgeon. The ST5 lineage is associated with the successful global HA-MRSA New York/Japan clone (ST5, USA100) and the 'paediatric' clone (ST5), both belonging to one of the major MRSA CCs (CC5) [12, 32] . However, polyclonal genesis within this lineage has been shown [12, 32] , and the only consistencies within the ST5 isolates in this study were that they all belonged to agr type II and were negative for the genes lukFS-PV, tst and eta.
In total, three isolates (two from Asian surgeons and one from a South American veterinary orthopaedic surgeon) belonged to the ST8 (USA300) clonal lineage. In the USA this lineage is mainly associated with CA-MRSA which is responsible for the most frequent and severe skin and soft tissue infections in emergency departments [11, 33] . This is believed to be due to higher virulence, including the production of toxins [12] . This is consistent with the expression of staphyloxanthin and haemolytic activity in all three ST8 isolates as well as the possession of the tst gene in the two Asian isolates and the eta gene in the South American isolate.
In most cases, the described ST spa -type combinations identified in this study have previously been associated with increased severity and patient mortality in hospital settings. For example, the ST1-t386 lineage from one Asian surgeon belonged to CC1 and is mainly associated with USA400 ORSA IV, a CA-MRSA that caused paediatric deaths in the Midwest of the USA [11] . Furthermore, the two ST59-t437 isolates from Asian surgeons belonged to a well-described CA-MRSA clonal lineage in Asia, causing skin and soft tissue infections as well as sepsis and severe pneumonia [34, 35] . A recent study also identified ST59-t437 isolates in several European countries, demonstrating that S. aureus lineages are not restricted to particular geographical regions or specific host environments [36] , although in our study all ST59 isolates were associated with Asian surgeons.
The importance of antibiotic use in food production and the risks of the emergence of multiple antibiotic resistance pathogens within the food chain have resulted in an increasing awareness of the risk of transmission of MRSA within the sector, including veterinary orthopaedic surgeons [13] [14] [15] . In our study, three veterinary orthopaedic surgeons were culture positive for MRSA (two from Europe and one from South America). Two of them were colonized with LA-MRSA clonal lineages, i.e. lineages previously cultured directly from livestock. For example, one veterinary orthopaedic surgeon from Europe was colonized with MRSA ST398-t011, belonging to CC398. CC398 is the most predominant LA-MRSA clonal lineage reported across the world [13] [14] [15] and has been detected in a variety of domesticated animals [13] [14] [15] . CC398 has often been reported to be transmitted from animals to humans [13] [14] [15] , with most human CC398 infections being superficial skin and soft tissue infections [14] . The second veterinary-associated MRSA (from a South American veterinary surgeon) was also carrying a known clonal lineage, ST8-t064 [37] .
Furthermore, this ST8-t064 (MRSA-3) isolate was multipleantibiotic resistant, including resistance to rifampicin. Resistance to rifampicin is a significant challenge in the treatment of orthopaedic-device-related infection since rifampicin is the sole clinically available antibiotic with significant activity against staphylococcal biofilms [38, 39] . Whole-genome sequencing revealed three SNPs in the rpoB sequence, which led to a change in the amino acid sequence at positions 471, 477 and 737. The amino acid change at position 477 from alanine to aspartic acid has been shown to be responsible for high-level resistance to rifampicin [40] [41] [42] .
Comparison of MRSA-3 SCCmec complex genes (mecA, mecR, ccrA and ccrB) and the orfX gene to the other ST8 S. aureus genomes from NCBI revealed a close evolutionary relationship. In contrast, the rpoB neighbour-joining tree showed that the relationship between MRSA-3 and the other ST8 isolates is more diverse, indicating that it has a different evolutionary history. The ACME locus genes aliD, arcA and speG were present in the MRSA-3, indicative for most ST8 (USA300) CA-MRSA [43] , while the lukFS-PV gene encoding PVL was absent.
The phenotypic evaluation of all MRSA isolates revealed that the isolates displayed a range of staphyloxanthin production, haemolytic activity and biofilm-forming potential. Screening for the most prevalent MSCRAMMs demonstrated the presence of most of the tested virulence genes in the majority of the 26 MRSA isolates. For example, the surface protein clumping factor B (clfB) present in all 26 surgeons' isolates, has been shown to promote attachment of S. aureus to human squamous nasal epithelial cells by binding to keratin-10 [1] . In total, 34.6 % of the nasal MRSA carried the PVL lukFS-PV gene, which is responsible for increased severe disease and clinical symptoms, including necrotic lesions of the skin [10, 11] , the eta gene coding for exfoliative toxin, which enhances the transmission of MRSA through skin-skin contact due to the destruction of the epidermal barrier [44] , or the toxic shock syndrome tst gene. This highlights the highly virulent potential of these nasalcolonizing MRSA isolates.
Conclusion
The findings of this study have shown that the MRSA isolates cultured from surgeons possessed genes for a wide range of virulence factors and toxins, but also belonged to clonal lineages that are described for their high transmission potential and are associated with increased infection severity and mortality. This not only indicates that the surgeons are a potential risk in spreading these lineages in clinical and healthcare settings, but also that they themselves are exposed to the acquisition of such isolates.
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